Water is ubiquitous in the mouths of healthy individuals and is a major interfering factor in the development of a durable seal between the tooth and composite restoration. Water leads to the formation of a variety of defects in dentin adhesives; these defects undermine the tooth-composite bond. Our group recently analyzed phase partitioning of dentin adhesives using high-performance liquid chromatography (HPLC). The concentration measurements provided by HPLC offered a more thorough representation of current adhesive performance and elucidated directions to be taken for further improvement. The sample preparation and instrument analysis using HPLC are, however, time-consuming and laborintensive. The objective of this work was to develop a methodology for rapid, reliable, and accurate quantitative analysis of near-equilibrium phase partitioning in adhesives exposed to conditions simulating the wet oral environment. Analysis by Fourier transform infrared (FT-IR) spectroscopy in combination with multivariate statistical methods, including partial least squares (PLS) regression and principal component regression (PCR), were used for multivariate calibration to quantify the compositions in separated phases. Excellent predictions were achieved when either the hydrophobic-rich phase or the hydrophilic-rich phase mixtures were analyzed. These results indicate that FT-IR spectroscopy has excellent potential as a rapid method of detection and quantification of dentin adhesives that experience phase separation under conditions that simulate the wet oral environment.
INTRODUCTION
It has been reported that our current dentin adhesives are sensitive to excess moisture, leading to, for example, water blisters in adhesives placed on over-wet surfaces and phase separation with concomitant limited infiltration of the critical dimethacrylate component into the demineralized dentin matrix. [1] [2] [3] [4] [5] Large fluid shifts that occur during the bonding process (solvent evaporation and light curing) may allow dentinal fluid to mix with the hydrophilic comonomers, creating nanoleakage pathways within the adhesives. 6 To determine quantitatively the components in the hydrophobicrich and hydrophilic-rich phases when exposed to over-wet environments, our group used high-performance liquid chromatography (HPLC) to analyze the well-separated phases of model dentin adhesive. 7, 8 The HPLC technique is time-consuming (typically taking 30-60 min) and labor-intensive. In addition, the increased requirements for sample handling during preparation can adversely affect the quality of the analysis. By contrast, Fourier transform infrared (FT-IR) spectroscopy is a very rapid (typically taking 30 s or less per sample) chemical fingerprinting technique that can potentially resolve the problems and produce results in under a minute after minimal sample preparation. Our aim in this study is therefore to investigate whether FT-IR spectroscopy is an accurate and valid technique for the detection and quantification of the phase compositions in both hydrophilic-rich and hydrophobic-rich phase samples.
When combined with appropriate multivariate statistical methods such as partial least squares (PLS) regression and principal component regression (PCR), FT-IR may be an ideal solution for the quantitative analysis of the phase compositions. Multivariate statistics is useful in spectral analysis because it facilitates the simultaneous inclusion of multiple spectra intensities, which greatly improves the precision and predictive ability of the analysis. 9 To our knowledge, no work has been conducted to determine the compositions of phase-separated dentin adhesives using FT-IR spectroscopy with multivariate analysis.
MATERIALS AND METHODS

Model Adhesive Composition and Sample Preparation.
The sample preparation has been described previously. 7 In brief, the model adhesive consisted of hydroxyethylmethacrylate (HEMA; Acros Organics, NJ) and 2,2-bis[4-(2-hydroxy-3methacryloxypropoxy) phenyl]-propane (BisGMA; Polysciences Inc., Washington, PA) with a mass ratio of 45/55 (HEMA/ BisGMA). 4, 10, 11 Water (HPLC grade, W5SK-4; Fisher Scientific, Fair Lawn, NJ) was added into the neat resins with variable amounts, for example, 16, 33, and 50 wt %. The concentration of water was based on the total final weight of the mixture. Previously we determined that ;10% water is the threshold of water/resin (liquid/liquid) phase separation in HEMA/BisGMA formulations, with a mass ratio of 45/55. 5 Shaking and sonication were required to yield well-dispersed solutions. These turbid mixtures were placed in 1.5-2.0 mL microcentrifuge tubes and further centrifuged (for 20 min at 10 000g) to obtain clear separated solutions, a hydrophilic-rich aqueous phase and hydrophobic-rich resin phase according to the scheme (shown in Fig. 1 ). The lighter hydrophilic-rich phase (top layer) was transferred using a disposable micropi-pette. All the operations were carried out at ambient temperature (24 6 1 8C).
High-Performance Liquid Chromatograph. The compositional analysis using reversed-phased high-performance liquid chromatography (RP-HPLC) has been described previously. 7 In brief, the separated phase solutions were filtered using a Millipore centrifuge filter device (Ultrafreet-CL, UFC4LCCOO 5000 NMWL; Millipore, Bedford, MA) and a centrifuge (Eppendorf MiniSpin Plus; Eppendorf, Hamburg, Germany) at 3000 rpm. A Shimadzu LC-2010 HTC HPLC system equipped with a photodiode array detector and EZStart chromatography software was used (Shimadzu, Columbia, MD). Separation was performed on a reverse-phase column, Phenomenex Luna 5 lm C18, 4.6 3 250 mm (Phenomenex, Torrance, CA) by elution with acetonitrile (CH 3 CN)/20 mM ammonium acetate buffer. The elution was started at a constant flow rate of 0.5 mL/min with CH 3 CN/buffer (35/ 65 v/v) for 30 min and then ramped linearly to 100% CH 3 CN within 2 min and kept constant for 5 min. Identification and quantitative analysis of the components were performed by comparison of the elution time and ultraviolet (UV) absorption peak intensity of the eluates with those of the individual, known standards. Typically the adhesive sample has to be diluted over thousand times to bring the analyte levels within the range of HPLC quantification. Triplicate injections of all the samples were carried out.
Fourier Transform Infrared Instrumentation. The separated phase solution was deposited without preparation onto a diamond crystal top plate of an attenuated total reflection (ATR) accessory (Pike, GladiATR, Pike Technologies, Madison, WI) covered with a mylar film. The infrared spectra were collected using a Spectrum 400 FT-IR spectrometer (Perkin Elmer, Waltham, MA). Sixteen scans were co-added over the range of 4000-650 cm À1 with a resolution of 4 cm À1 . Air was taken as the reference for the background spectrum before each sample. After each spectrum, the ATR plate was cleaned in situ by scrubbing it with ethanol solution, which made drying the ATR possible. That no residue from the previous sample remained was verified by collecting a background spectrum and comparing it to the previous background spectrum. The samples were analyzed in triplicate, and the spectra were averaged for further analysis (three replicates from each sample were analyzed). All spectra were recorded at room temperature (24 6 1 8C) but without any nitrogen purge of the sample compartment.
Chemometric Modeling. Chemometrics is the use of mathematical and statistical methods to predict physical and chemical characteristics by indirect methods. Using this analysis, it is possible to predict the adhesive compositions once a calibration set of samples has been compiled. A total of 107 samples for the calibration models were prepared and tested using FT-IR. Prepared standard samples in different constituent-concentration ranges were selected for calibration model development using PLS regression and PCR. The software used for the principal component analysis was Spectrum QUANTþ expert Version 4.60 (Perkin Elmer). Calibration models were developed from spectra in absorbance units using PLS and PCR methods with the first-derivative transformed spectra. The optimum number of factors for calibration was selected on the basis of the predicted residual sum of squares, which should be minimized, along with the regression percentage variance. The developed calibration models were first cross-validated in all cases to minimize the risk of overfitting and then used for testing or validation using the new data. The model prediction was tested by computing the standard error of prediction (SEP) and standard error of estimation (SEE); SEE can be described as the square root of the residual variance divided by the number of degrees of freedom, and SEP is the magnitude of the error expected when independent samples are predicted using the model.
Data Analysis. Data from the HPLC analysis were obtained in micrograms per milliliter for the minor components in the hydrophilic-rich phase. To convert from micrograms per milliliter to weight percent for the major components, the densities of the samples were measured using an analytical weighing balance with a resolution of 0.01 mg (Mettler Toledo X205 dual range) and equipped with a density kit. 12, 13 The results from HPLC for the monomer and water content were compared against the results from FT-IR. For all experimental groups, the differences among compound concentrations were evaluated using one-way analysis of variance (ANOVA), together with Tukey's test at a = 0.05 to identify significant differences.
RESULTS
Representative FT-IR spectra collected from HEMA, BisGMA, and water are presented in Fig. 2 . The assignments of the spectral features for monomers are 1690-1740 cm À1 (carbonyl C=O stretching), 1635-1645 (aliphatic C=C stretching), 1605-1609 (phenyl C=C), 1445-1457 cm À1 (ethyl group [CH 2 CH 3 ]), 1402-1406 cm À1 (methylene group [CH 2 ] deformation), 1165-1180 cm À1 (C-O stretching), 830-836 cm À1 (C-C-O stretching), and 810 (C=C twist). Assignments for water (H 2 O) are 3000-3700 cm À1 (O-H stretching), 1500-1700 cm À1 (O-H deformation/scissors), and 650-900 cm À1 (water-hindered rotation). Overall, at the qualitative level, the spectra of HEMA and BisGMA look similar, and both overlap with characteristic peaks of water. The obvious visible differences between BisGMA and HEMA appear on the absorption bands related to the aromatic group.
When the absorption bands do not overlap, simple mathematical treatments, such as Beer-Lambert's calibration of peak heights or area with respect to the concentration of a single analyte, are possible. However, intense water bands in the infrared spectra obstruct the accuracy and sensitivity of quantitative analysis of multiple analytes. Because of the subtle differences previously highlighted, it was not possible to use simple visual inspection to quantify the levels of monomers and water. In this case, one of several multivariate methods such as PLS or PCR could be used in conjunction with the spectra to develop the multi-component calibration models.
For the creation of a powerful model, a set of well-defined calibration samples is needed. Samples with a known composition that can be used for calibration can be easily prepared, in this case simply by mixing the components in a well-defined ratio. Figure 3 plots the water-HEMA-BisGMA ternary phase diagram, and all the standards shown in the single-phase region were used for calibration. There are two groups of standards, shown in Fig. 3 , which were used for the hydrophobic-rich model and hydrophilic-rich model, separately. Table I shows the summary statistics for PCR, PLS1, and PLS2 using the same training set associated with the hydrophobic-rich samples. In this case, the PLS1 and PLS2 algorithms outperformed PCR. In general, they resulted in a three-factor (or less) model with a high correlation coefficient. All samples were predicted with a similar level of accuracy, and the SEP values were about 0.002-0.004 with percentage variance over 99%. Figure 4 shows a representative calibration model, which was developed using a calibration set identical to that used for the PLS1 prediction models. The PLS1 algorithm was also used for the hydrophilic-rich phase model. Table II shows the regression summary using the second group of standards and also one using both groups of standards. Note that the separation of the groups offers a sixfactor (or less) model with less cross-validation error for the hydrophilic-rich model.
Both hydrophilic-rich and hydrophobic-rich phase compositions are calculated using HPLC and FT-IR chemometrics methods and are listed in Table III . It was found that the major components of the hydrophilic-rich phase were HEMA and water, and that the HEMA content ranged from 18.3 to 14.7 wt%. The predicted values from the FT-IR chemometrics method matched very well with the HPLC results. It is noteworthy that the standard derivations of the calculated values from FT-IR chemometrics approach are usually lower than the ones from HPLC analysis.
DISCUSSION
The model adhesives were a simple mixture of one hydrophobic comonomer (BisGMA) and one hydrophilic comonomer (HEMA). The composition was based on conventional dentin adhesives. 3, 14 We investigated the ternary-phase diagram for the water-HEMA-BisGMA system 7 and deter- mined the phase-partition behavior of the experimental adhesives containing more than two comonomers with different hydrophobicity. An FT-IR instrument, coupled with the powerful chemometrics-based analysis technique, was used to determine the composition of phase-separated dentin adhesives. Chemometric treatment of FT-IR spectra made it possible to obtain results similar to those obtained using the time-consuming and labor-intensive HPLC analytical technique. The results indicate that chemometric treatment of FT-IR spectra constitutes a fast and robust tool for the compositional analysis of phaseseparated dentin adhesives. Infrared spectroscopy is a rapid technique; the spectral data are collected and interpreted within minutes. Usually, sample preparation is either not obligatory prior to spectral analysis or is minimal. It is possible to use chemometric statistical techniques in model development and classification. With the possibility of constructing a database containing a large number of known samples, further comparable tests should be very reliable.
Partial least squares is a commonly used multivariate regression method, especially in the field of spectroscopic study. The method is able to handle effectively the problem of multicollinearity, which is always present in spectroscopic data, whereas standard multivariate regression fails because of the rank deficiency problem. Partial least squares decomposes spectral data into loading and scores, building the corresponding calibration models from these new variables. 15 This method requires that the analytes comply with Beer's law for the property to be measured. Partial least squares can predict either single predictors simultaneously using a PLS1 model or several predictors simultaneously using a PLS2 model. There is a substantial amount of literature devoted to the theoretical elucidation of the properties of the PLS algorithm. A good introduction to the method is given by Geladi and Kowalski. 9 As expected, PLS leads to results that are slightly better than those from PCR because the PLS decomposition takes into consideration the variable to be predicted (monomer/water concentration) rather than simply decomposing the spectra into orthogonal components that are not necessarily related to the variable of interest. 9 For instance, similar to what we observed using PCR for the hydrophobic-rich phase model, the best prediction error for BisGMA was obtained using a small model (three factors).
The sample concentrations of HEMA, BisGMA, and water predicted by PLS methods compare favorably with the data obtained using the HPLC method, presented in Table III . Therefore, the technique is highly plausible as an alternative to the standard procedure for the routine analysis of adhesive phase compositions. Compared to HPLC, the disadvantage of FT-IR chemometrics is the detection limit associated with spectroscopic analysis. The amount of BisGMA in the hydrophilic-rich phase sample is very small (converted to weight percent, the amount is less than 0.1 mass%), which is lower than the detection limit of FT-IR chemometrics (;0.2 mass%). However, the quantification of this minor component in the hydrophilic-rich samples is not critical for our research objective because this low concentration of BisGMA could not contribute significantly to the cross-linked density of the polymer network. 16 These results support previous conclusions from our group that water-compatible cross-linkable comonomers must be included in adhesive formulations to address the defects that form in adhesives exposed to the wet oral environment. 7, 8, [17] [18] [19] 
CONCLUSION
In this study, we demonstrated that in tertiary mixtures of dental monomer(s) and water, FT-IR spectroscopy in combination with multivariate analysis, such as PLS, provides an accurate, simple, and rapid technique for the quantitative assessment of separated-phase composition. The sophisticated statistical approaches use the full or partial spectral region rather than unique and isolated analytical bands. We regard FT-IR spectroscopy, in combination with multivariate analysis, as a suitable alternative to HPLC for the detection and quantification of phase compositions in phase-separated dentin adhesives.
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